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GRAIN SHAPE AND SIZE DISTRIBUTION 
EFFECTS IN COASTAL MODELS 


by 
J. Ian Collins 
and 
Charles B. Chesnutt 


I. INTRODUCTION 


Movable-bed scale models aid in the solution of many engineering 
problems encountered in the nearshore zone. However, such models must 
rely heavily on practical experience rather than on theoretical predic- 
tions since it is not possible to model the complete physics of the 
nearshore environment. 


In general, scale models are expected to reproduce the dominant 
physical phenomena governing the behavior of the prototype. Hence, two 
essential steps are necessary: (a) The dominant phenomena must be iden- 
tified and measured; and (b) the feasibility of modeling these phenomena 
must be demonstrated. In movable-bed coastal models it is uncertain if 
either of these steps can be accomplished satisfactorily at present. 


The real need for an engineering model is to reproduce a known condi- 
tion or history of events. Generally, it is unnecessary (or impossible) 
to model all of the details and, in fact, such a modeling is probably 
not desirable. 


The approach taken by the scientist is to establish a set of scale 
relationships ("theoretical similitude") based on reproducing the 
dominant physical phenomena. To the dissatisfaction of both the scien- 
tist and the engineer, this approach has not worked. 


The engineer, confronted with a specific problem and an immediate 
need for a solution, must attempt to reproduce a known history of events 
("practical similitude'') and not be overly concerned with obtaining 
theoretical similitude. 


This study is one of a series of reports prepared by Tetra Tech, 
Incorporated, Pasadena, California, under contract to the U.S. Army 
Coastal Engineering Research Center (CERC). The first reports by 
Fan and LeMehaute (1969) and LeMehaute (1970) reviewed all the conditions 
of theoretical similitude and proposed some guidelines to aid the engineer. 
Noda (1971, 1972), in a following report, proposed a general scale-model 
relationship for coastal engineers based upon obtaining a practical 
similitude of equilibrium beach profiles. Relationships between the 
horizontal and vertical scales, and the sediment specific weight and 
median-diameter ratios were developed empirically, based upon modeling 
the distance between the stillwater level (SWL) intercept and the beach 
discontinuity on step-type profiles (Fig. la). Noda assumed that dupli- 
cating this distance would provide a model applicable to all distances. 
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Figure 1. Examples of beach profile classifications. 


This study was conducted to further refine Noda's (1972) empirical 
scale-model relationship and evaluate the validity and applicability 
of that model law. The study plan consisted of three parts: 


(a) Investigation of the effects of sediment-size distribution on 
scale models; 


(b) investigation of the effects of sediment shape on scale models; 
and 


(c) experiments by Tetra Tech, Incorporated, and evaluation by CERC 
of the validity of the proposed scale-model law. 


II. REVIEW OF LITERATURE ON EQUILIBRIUM PROFILES AND BEACH MODELING LAWS 
1. Hydrodynamic Conditions. 


Fan and LeMehaute (1969) and Noda (1971) reviewed in detail the 
hydrodynamic conditions required for theoretical similitude and reduced 
those conditions to the equations presented below. The term Nguantity 
denotes the ratio of model to prototype with the subscript indicating 
the parameter being modeled and A and wu are the horizontal and 
vertical scales, respectively. 


a. Condition 1. Coastal fluid phenomena are generally dominated by 
gravitational and inertial forces and hence the Froude number F is an 
important parameter: 


u 
F = ————~—_ (1) 
1/2 
(ga) / 
The requirement that Np = Imayarenlid’si: 
um cn , (2) 
By Ep 


where subscripts m and p refer to model and prototype values respectively, 
and thus: 


mh, = : (3) 


A major parameter affecting beach profiles is the deepwater wave steepness, 
Ho/Lo; if this parameter is to be preserved in model and prototype, then 
the wavelength must be proportioned like the vertical scale and consequently, 


Ma, = wl (4) 


Since the wavelength is related to the wave period by: 


2 
eile tanh 2nd 


BS a L : (5) 


then the scale ratio for the period becomes: 
n. = ‘ (6) 


The scaling of the wavelength with the vertical scale preserves the 
refraction pattern, but produces a model wavelength larger by the 
distortion 2 = y/A. 


b. Condition 2. The preserving of the same Froude number F, based 
on the grain size and bed-shear velocity gives: 


LD) 
aD a : (7) 

c. Condition 3. The requirement of identical Reynolds number R, and 
assuming the viscosity ratio is 1 produce: 


NaN = ili (8) 


d. Condition 4. The scale ratio for the bed-shear velocity under 


turbulent conditions is: 


a ae pent oO 


* 
e. Condition 5. The scale ratio for the friction factor is: 


Te (10) 


f. Condition 6. The kinematic condition for sediment motion becomes: 


ee aes (11) 
Tay 
and substituting equation (3) yields: 
noe mle, (12) 


W 


g. Condition 7. The Stokes sediment particle fall velocity in scale- 
ratio form becomes: 


(13) 


2. Beach Profile Parameters. 


The terminology for the coastal zone used in this report is described 
in Figure 1. Noda's (1972) law was based on modeling the "equilibrium 
profile' and, although there is a wealth of published profile data, 
most of the data are not useful because the profiles were formed under 
many varying wave conditions or, in laboratory experiments, under differ- 
ent experimental procedures. The figure illustrates the two most broad 
classifications of beach profiles as a bar-type or step-type. 


Equilibrium profile implies a profile whose mean position is fixed 
in space for the given wave conditions, with the expectation that the 
actual profile at any given time will deviate from the mean profile; 
also, equilibrium is a state which will be reached on a model beach 
subjected to constant wave action for a sufficiently long time. The 
equilibrium profile of a beach is a function of the wave characteristics 
such as wave height, wavelength, wave period, and the sediment charac- 
teristics (e.g., specific gravity and median diameter). 


A noticeable distinction of both laboratory and prototype beach 
profiles is the formation of "winter" (bar) and "summer" (step) shapes 
under different deepwater wave-steepness conditions (Hj/Lg). The winter 
or ''storm'' profiles (Fig. 1b) are usually formed under large wave-steepness 
conditions and are characterized by the erosion of material from the fore- 
shore zone to the offshore zone, producing a flatter foreshore gradient 
and the distinctive formation of longshoré bars. The summer or "ordinary" 
profiles (Fig. la) are usually produced under small wave-steepness condi- 
tions and are characterized by an accretion of material on the beach face 
and in the breaker zone, producing a steep foreshore slope and no longshore 
bar formation. This is an oversimplification because it is possible to 
have beach profiles between these two idealized types, and other compli- 
cations, including multiple bars, are frequently found. On prototype 
beaches the actual beach profiles are functions not only of the waves and 
sediment present, but are greatly influenced by the availability of lit- 
toral supply of sediment. 


Johnson (1949) suggested the range of deepwater wave steepness 0.025 
to 0.03 alone represented the transition zone between summer and winter 
profiles. Watts (1954) and Rector (1954) indicated that although the 
deepwater wave steepness was important, other parameters such as sand 
characteristics affected the beach profile. Saville (1957), testing 
under prototype conditions, found that for a wave steepness as small as 
0.0023, a winter-type beach was formed. 


Bagnold (1940) suggested that the ratio of the deepwater wave height 
to the grain diameter was an important parameter in obtaining beach profile 
similarity. Bascom (1951) added credibility to this parameter by showing 
that for prototype conditions the foreshore slope was related to the 
median-grain diameter. Wiegel (1964) extended this data and showed the 
effects of changes in the wave characteristics. 


Iwagaki and Noda (1962) tested this theory by using both Ho/Lo and 
Ho/D50 as parameters to determine the criterion for the formation of 
longshore bars. Nayak (1970) extended this work to include material of 
a different specific weight than sand and proposed another criterion for 
the formation of longshore bars based on the parameters Ho/Lo and 
Ho/y'Dsg (Fig. 2). The literature on equilibrium beach profiles was also 
discussed by Nayak (1970). 


Some investigators also attempted to find empirical equations to 
describe the beach equilibrium profile. Rector (1954) derived empirical 
power-law equations to describe the average beach slope, using laboratory 
data. Eagleson, Glenne, and Dracup (1963) derived an empirical equation 
for the offshore profile where the shear velocity was based on laminar 
flow in the boundary layer. Yalin (1963) derived a model-law relation- 
ship for the offshore zone also using a bed velocity based on laminar 
boundary layer conditions. Larras (1961) determined an empirical relation 
for the profile in the breaker zone in the form of a power-law relation- 
ship which has not been found to be very useful. Many investigators tried 
to quantify some of the most important characteristics of a beach profile. 
This requires a choice of parameters useful to define the beach profile. 
The work of Sitarz (1963) appears to be the most comprehensive, although 
other investigators, including this study, have not found very close agree- 
ment with his proposed relationships (see Fig. 3, and Bonnefille and 
Pernecker, 1965). 


Nicholson (1968) showed that certain beach profile parameters are 
apparently a function of Ho/Lo only within certain ranges of Ho/Lo, but 
for other ranges of Ho/Lo the beach profiles are influenced by the fall 
velocity of the sediment particles. Figure 4 shows that for small Ho/Lo 
(less than 1.5 X 10-2) and for large Ho/Lo (greater than 6 X Oman) 
beach profiles can be produced in similitude using sand; i.e., if Ys, 
the vertical distance from beach crest to step or bar is proportional 
to Hj, modeling is feasible. However, Nicholson's (1968) experiments 
cover only a relatively narrow range of beach parameters for prospective 
scale models and the results from the present studies do not confirm 
the results for sand alone. 


3. Dimensional Analysis. 


Keulegan (1948), Rector (1954), Kemp (1960), Nicholson (1968), Paul, 
Kamphuis, and Brebner (1972), Kamphuis (1972), and other investigators 
listed governing parameters for the sediment-water interaction on a beach 
and derived many dimensionless groups for defining beach processes. 
Rector (1954) presented one of the most complete set of groups and even 
included wave sorting in his initial formulation but dropped these terms 
during subsequent analysis. Generally, the dimensionless groups are 
considered in three subgroups: (a) Waves, (b) sediment, and (c) inter- 
action. The wave subgroup includes terms such as Ho/Lo, d/Lo, and Py/ales 
whereas the sediment subgroup has many single terms such as og, io, and 
y'; wave-sediment interaction subgroup includes F,, R,, and Ho/Ds50 (see 
following definitions). By various cross products, it follows that the 
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Figure 2. Criterion for generation of longshore bars (Nayak, 1970). 
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Figure 3. Beach crest to bar distance (Sitarz, 1963). 
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Figure 4. Relationship between vertical crest to bar or step distance 
and wave steepness (Nicholson, 1968). 


quinone TOMLeSs groups of H, can also be placed in a form involving To. ds 
or gT*, and various investigators have stated preferences. 


However, based on overall considerations, the various sets can be 
considered as follows: 


(>, = Hey ilar Pia, 06> S, theo Vanes Ira. py R,, H,/D, i) 0 > (14) 
where, 


the equilibrium (assumed) beach profile is given by the curve y(x) 


H, = deepwater wave height for normal approach, 


P = period from wave breaking to top of uprush, 
S = a coefficient defining particle shape, 
og = skewness or other parameter defining the size 


distribution of the sediment, 

iG = an taalesVopesofuthe: beach, 

y' = submerged density of the sediment, 

F, = densimetric Froude number, 

R, = densimetric Reynolds number, 

D = characteristic diameter of the sediment, 

u = characteristic wave-induced velocity, and 

W = fall velocity of the sediment. 
At this stage, most investigators who use the dimensional analysis 
approach neglect some of the terms in equation (14) based on a number of 
physical arguments, e.g., 


(a) the ratio P/T will be a unique function of the wave characteristics 
and the equilibrium profile, and can be dropped; 


(b) R, is generally dropped because it cannot be modeled in similitude 
and it is further argued that the breaker zone is fully turbulent; hence, 
Reynolds number effects are not scale-dependent; 


(c) it is assumed that in has little effect on the final equilibrium 
profile; 


20 


(d) the effects of o, (skewness) and S (shape) are mostly dismissed 
but it is generally statéd that they should be the same in model and 
prototype; and 


(e) u/W is often neglected because it can be argued that W is 
already included in the sediment characteristics and u is included in 
the wave characteristics. 


The investigators generally concur with points (a) and (b). The 
initial slope, ig, is shown later in this report to be important if it 
is made too steep. A major part of this study has been devoted to the 
effects of og and S on equilibrium profiles. Paul, Kamphuis, and Brebner 
(1972) incorporated the effects of D509, og, and a by defining an equiva- 
lent sediment diameter which included these effects. It seems unlikely 
that such an assumption will always be valid. 


Monroe (1969) performed a series of tests comparing a rounded sand 
(oolite) and an angular quartz sand and found little difference in profile 
shapes. 


Although the applicable fall velocity is often considered as that 
obtained in still water, the phenomenon in the breaker zone is inherently 
turbulent in character; Murray (1970) showed that the true fall velocity 
of very lightweight material can be as much as 30 percent less when 
measured in a turbulent medium. Since the physical properties of the 
sediment are directly‘available, the fall velocity of a sediment particle 
in the breaker zone has not been reliably established and discretion is 
necessary in the use of relationships for this parameter obtained under 
very different flow conditions. 


In view of the disadvantages and use of questionable approximations 
which are inherent in the dimensional analysis approach, a purely 
empirical approach based on attempts to match gross beach profile measure- 
ments, was proposed by Noda (1972). 


4. Empirical Modeling Law Based on Beach Profile Similarity. 


Noda (1971, 1972) developed a model law based on an empirical fitting 
of the beach discontinuity distance, 8 (see Fig. 1). 


The basic model requirement is to relate a model sediment density and 
grain size to the geometric-scale ratios. This is assumed in the form: 


ana 


MS sey (OVS) , (15) 
and 


(16) 
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After more than 130 experiments using 14 different materials and 22 
different grain sizes, Noda found five model profiles with beach discon- 
tinuity distances which matched those on five profiles of Watts (1959). 
The five prototypes were all step-type profiles with sediment sizes of 
Dog > 0.46 millimeter. 


Noda derived the following relationships based on the five matching 
profiles: 


1.85 0.55 
Npn, = u 5 (i'7/)) 


and 


: -0.386 
A = i Fa e > (18) 
which comprise the basic modeling law to be evaluated by further testing. 
A nomograph for use of equations (17) and (18) is presented in Figure 5. 


5. Comparison of Model Laws. 


The theoretical and practical approaches to the development of model 
laws are considered as coming from two different philosophies. The first 
is from a desire to reproduce the dominant physical phenomena; the second 
is from a need to reproduce observed occurrences. Some of the theoretical 
conditions (eqs. 2 to 13) are satisfied even when practical laws such as 
given by equations (17) and (18) are used. A summary of the derived model 
laws based on the various theoretical similitude conditions and a compari- 
son with the empirical practical similitude condition of Noda (1972) are 
given in Table 1. 


III. EXPERIMENTAL DATA 


1. Experimental Apparatus and Procedures. 


Experimental tests were performed in the wave flume shown in 
Figure 6. The flume is 105 feet long with a square cross section 
measuring approximately 4 by 4 feet. The wave generator is a plunger 
type and the prime power supply is through a silicon-controlled rectifier 
(SCR) to a 15-horsepower direct-current motor. The control system permits 
extremely accurate speed control over a wide range of load conditions. 
The motor is coupled through a 21:1 speed reducer. A range of wave 
periods from about 0.5 to 6 seconds can be generated. Longer periods 
are possible with a reduced duty cycle or by a change of speed reducer; 
however, the extended range was not needed for this study. 


To reduce the amount of test material and to obtain larger ampli- 
tude waves, a convergence was built to reduce the tank width by half. 
To further increase the rate of testing, a Plexiglas partition was also 
introduced parallel to the wave tank to test two materials simultaneously. 
This latter partition permitted comparisons of different materials under 
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Figure 5. Graphical representation of model law (Noda, 1972). 
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identical wave conditions during the tests. Therefore, the test 
widths of the slopes reported in this study are approximately 1 foot 
wide. 


The wave height and profile elevations were measured in centimeters 
with a point gage mounted on an overhead trolley. Horizontal measure- 
ments were made in feet. 


The wave height was determined by searching for a maximum and minimum 
height ahead of the beach. These occur one-half wavelength apart. The 
incident wave is the mean of the measurements and the reflected wave is 
one-half of the difference. 


Profiles were taken initially and after reaching equilibrium 
(or close to equilibrium). Equilibrium was determined by periodically 
placing tape on the glass wall along the profile and continuing the runs 
until no further change occurred. Equilibrium was reached in most tests 
after 23 or 24 hours. Intermediate profile surveys were taken after 1 
and 5 hours for most of the experiments. Water temperatures were monitored 
and recorded. 


It was difficult to isolate the effects of size distribution and 
particle shape with the practical materials available. The materials used 
in the experimental program were quartz sand, glass, polyvinyl chloride 
(PVC), pumice, and "rocklite." 


2, Resuiles. 
The conditions for all the tests are given in Table 2. 


Table 3 summarizes the experiments by purpose. Tabulated data on all 
profiles are given in Appendix B; plots of the profiles are in Appendix C. 


IV. DISCUSSION OF RESULTS 
1. Effects of Size Distribution. 


Comparative tests were made with materials having equal median 
diameters but different size distributions (Table 4). Tests 11B and 
12B repeat the conditions of tests 5B and 6B, but with the materials 
crossed over between the two subdivided channels. The results of this 
comparison, as an indication of possible channel effects, are discussed 
later. 


Selected pairs from Table 4 are shown as Figures 7 to 14. Little 
difference was found in most profiles; however, profiles with sediment 
having the bimodal distributions show marked differences. 


Figures 7, 8, and 14 show that the size distribution does not play a 


major part in determining beach profiles. However, Figures 9 to 13 show 
profiles comparing equilibrium profiles obtained with a bimodal and a 
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Table 2. Summary log of test runs. 


Particle Water Wave Wave Sediment Bescrinricn 
diameter i depth | period steepness (Particle shape)? 
(cm) (s) (Ho/Lo) 
1-Noda 65.0 2.67 1.58 4.300E-02 22.2 1.00 3.011E-02 | No. 12 sand, Dso = 1.58mm 
2-Noda 65.0 2.67 0.560 4.300E-02 22.2 1.00 3.011E-02 1C sand, Dgg = 0.56mm 
3-Noda 65.0 2.67 1.58 4.300E£-02 22.2 1.00 3.011E-02 | No. 12 sand, Dsg = 1.58mm 
4-Noda 65.0 2.67 0.560 4.300£-02 22.2 1.00 3.011E-02 IC sand, Dso = 0.56mm 
5-Noda 65.0 2.67 1.58 4.300£-02 22.2 1.00 3.011E-02 | No. 12 sand, Dsg = 1.58mm 
6-Noda 65.0 2.67 0.560 3.900E-02 22.2 1.54 1.054E-02 1C sand, Dsg = 0.56mm 
7-Noda 65.0 2.67 1.58 3.900E-02 22.2 1.54 1.054E-02 | No. 12 sand, Dso = 1.58mm 
8-Noda 65.0 2.67 0.560 4.300£-02 22.2 1.00 3.011E-02 IC sand, Dsg = 0.56mm 
9-Noda 65.0 2.67 0.500 4.300E-02 22.2 1.00 3.011E-02 | Uniform sand, 0.42 < Dsg < 0.59 
10-Noda 65.0 2.67 0.500 4.300E-02 22.2 1.00 3.011E-02 | Uniform sand, 0.42 < Dsg < 0.59 
11-Noda 65.0 2.67 0.560 4.300E-02 22.2 1.00 3.011E-02 | IC sand, Doo = 0.S6mm 
12-Noda 65.0 2.67 0.500 4.300£-02 22.2 1.00 3.011E-02 | Uniform sand, 0.42 < Dsg < 0.59 
13-Noda 65.0 2.67 0.500 3.900E£-02 22.2 1.54 1.054E-02 | Unifrom sand, 0.42 < Dsg < 0.59 
14-Noda 65.0 2.67 0.560 3.900E-02 22.2 1.54 1.054E-02 IC sand, Dso = 0.56mm 
15-Noda 65.0 2.67 0.260 4.300E-02 22.2 1.00 3.011E-02 | Uniform sand, 0.21 < Dso < 0.30 
16-Noda 65.0 2.67 0.260 4.300E-02 22.2 1.00 3.011E-02 Fine sand, Dog = 0.26mm 
17-Noda 65.0 2.67 0.260 3.900E-02 22.2 1.54 1.054E-02 | Uniform sand, 0.21 < Dsg < 0.30 
18-Noda 65.0 2.67 0.260 3.900E-02 22.2 1.54 1.054E-02 Fine sand, Dso = 0.26mm 
3A 24 63.5 2.42 0.500 4.300£-02 34.2 1.00 3.011E-02 | Glass beads 
4A 24 63.5 2.42 0.600 4.300£-02 34.2 1.00 3.011E-02 | Ground medium glass 
SA 19 63.5 2.42 0.600 4.000£-02 34.2 1.54 1.162E-02 Ground medium glass 
6A 19 63.5 2.42 0.500 4.000£-02 34.2 1.54 1.162E-02 | Glass beads 
7A 1G, 61.0 2.42 0.600 5.600E-02 34.4 1.54 1.621E-02 | Ground medium glass 
8A 15 61.0 2.42 - 0.500 5.600E-02 34.4 1.54 1.621E-02 | Glass beads 
9A 26 61.0 2.42 0.600 7.300E-02 34.4 1.54 2.108E-02 | Ground medium glass 
10A 26 61.0 2.42 0.500 7.300E-02 34.4 1.54 2.108E-02 | Glass beads 
11A 5 62.0 2.42 0.300 1.000£-02 32.2 0.820 1.049E-02 | Glass beads 
12A 3) 62.0 2.42 0.300 1.000E-02 32.2 0.820 1.049E-02 Ground small glass 
13A 2 62.0 2.42 0.300 2.000E-02 32.2 0.820 2.002E-02 | Glass beads 
14A 23 62.0 2.42 0.300 2.000E£-02 32.2 0.820 2.002E-02 | Ground small glass 
15A 23 62.0 1.30 3.10 1.S00E-02 32.4 0.970 1.090E-02 | PVC cylinders 
16A 23 62.0 1.30 2.90 1.S00E-02 32.4 0.970 1.090E-02 | Crushed PVC 
17A 22 63.0 1.30 3.10 3.400E-02 32.3 0.970 2.520E-02 PVC cylinders 
18A 22 63.0 1.30 2.90 3.400E-02 32.3 0.970 2.520E-02 | Crushed PVC 
19A 29 63.0 1.30 3.10 4.200E-02 32.3 0.970 3.065E-02 | PVC cylinders 
20A 29 63.0 1.30 2.90 4.200E-02 32.3 0.970 3.065E-02 | Crushed PVC 
21A s 63.0 2.42 0.300 7.400E-02 31.2 1.54 2.108E-02 | Glass beads 
22A 5 63.0 2.42 0.300 7.400E-02 31.2 1.54 2.108E-02 | Ground small glass 
23A 23 68.0 1.30 1.20 5.600E-02 31.0 3.54 2.199E-03 | Rocklite 
24A 23 68.0 1.60 0.800 5.600E-02 31.0 3.54 2.199E-03 | Pumice 
25A 2: 68.0 1.30 1.20 3. 400E-02 32.5 2.58 2.888E-03 | Rocklite 
26A 23 68.0 1.60 0.800 3.400E-02 32.5 2.58 2.888E-03-| Pumice 
1B 15 65.0 2.42 0.620 4.100E-02 30.7 1.00 2.883E-02 | Two fine, one coarse, ground glass 
2B 15 65.0 2.42 0.620 4.100E-02 30.7 1.00 2.883E-02 | Ground medium glass 
3B 2 65.0 2.42 0.620 4.900E-02 30.7 1.54 1.405E-02 | Two fine, one coarse, ground giass 
4B 24 65.0 2.42 0.620 4.900E-02 30.7 1.54 1.405E-02 | Ground medium glass 
SB 24 67.0 2.42 0.620 7.500E-02 30.8 1.54 2.135E-02 | Two fine, one coarse, ground glass 
6B 24 67.0 2.42 0.620 7.S00E-02 30.8 1.54 2.135E-02 | Ground medium glass 
7B 22 67.0 2.42 0.620 7.900E-02 30.8 1.00 5.509E-02'| Two fine, one coarse, ground glass 
8B 23 67.0 2.42 0.620 7.900E-02 30.8 1.00 5.509E-02 | Ground medium glass 
9B 24 67.0 2.42 0.620 7.100E-02 30.8 1.26 3.107E-02 | Two fine, one coarse, ground glass 
10B 24 67.0 2.42 0.620 7 .A00E-02 30.8 1.26 3.107E-02 | Ground medium glass 
11B 24 67.0 2.42 0.620 7.000E-02 30.8 1.54 1.999E-02 | Ground medium glass 
12B 24 67.0 2.42 0.620 7.000E-02 30.8 1.54 1.999E-02 | Two fine, one coarse, ground glass 
13B 24 67.0 2.42 0.620 7.000E-02 30.8 1.54 1.999E-02 | Ground medium glass 
14B 24 67.0 2.42 0.620 7.000E-02 30.8 3.54 1.999E-02 | Two fine, one coarse, two medium, ground glass 
15B 24 65.0 2.42 0.600 4.000E-02 30.8 1.00 2.819E-02 | Ground medium glass 
16B 24 65.0 2.42 0.600 4.000E-02 30.8 1.00 2.819E-02 | Two fine, one coarse, two medium, ground glass 
17B 24 65.0 2.42 0.450 7.000E-02 30.8 1.54 1.999E-02 | One fine, one medium, ground glass 
18B 24 65.0 2.42 0.450 7.000E-02 30.8 1.54 1.999E-02 | One fine, one medium, ground glass 
19B 24 65.0 2.42 0.450 4.300E-02 30.8 1.00 3.011E-02 | One fine, one medium, glass beads 
20B 24 65.0 2.42, 0.450 4.300E-02 30.8 1.00 3.011E-02 | One fine, one medium, ground glass 
218 24 65.0 2.42 0.450 4.300E-02 30.8 1.54 1.216E-02 | One fine, one medium, glass beads 
22B 26 65.0 2.42 0.450 4.300E-02 30.8 1.54 1.216E-02 One fine, one medium, ground glass 
23B 26 65.0 2.42 0.450 7.000E-02 30.8 1.00 4.869E-02 | One fine, one medium, glass beads 
24B 26 65.0 2.42 0.450 7.000E-02 30.8 1.00 4.869E-02 | One fine, one medium, ground glass 
25B 24 65.0 1.30 3.50 4.200E-02 30.8 1.00 2.947E-02 Green, one gray, PVC cubes 
26B 24 65.0 1.30 2.45 4.200E-02 30.8 1.00 2.947E-02 | One black, one white, PVC cylinders 
1c 24 65.0 1.30 1.20 0.116 27.0 4.30 3.084E-03 | Rocklite 
2c 24 65.0 1.60 0.800 0.116 27.0 4.30 3.084E-03 Pumico 
3c 28 65.0 1.30 1.20 0.121 30.4 3.03 6.978E-03 | Rocklite 
4c 28 65.0 1.60 0.800 0.121 30.4 3.03 6.978E-03 | Pumice 
SC 24 65.0 1.30 1.20 7.000E-02 30.4 2.60 S.781E-03 | Rocklite 
6C 24 65.0 1.60 0.800 7.000E-02 30.4 2.60 5.781E-03 Pumice 
7C 26 65.0 1.30 1.20 0.100 30.4 27) 7.285E-03 | Rocklite 
8C 26 65.0 1.60 0.800 0.100 30.4 2.75 7.285E-03 Pumice 
9C 24 65.0 1.30 1.20 8.000E+02 30.5 2.46 - 7.622E-03 | Rocklite 
10C 24 65.0 1.60 0.800 8.000E-02 30.5 2.46 7.622E-03 | Pumice 
11¢ 24 68.0 1.30 1.20 8.200E-02 30.5 2.60 6.823E-03 | Rocklite 
12C 24 65.0 1.60 0.800 8.200E-02 30.5 2.60 6.823E-03 | Pumice 
13C 24 65.0 1.30 1.20 $.900E-02 30.5 2.20 7.280E-03 | Rocklite 
14C 24 65.0 1.60 0.800 S.900E-02 30.5 2.20 7.280E-03 | Pumice 
1SC 24 65.0 1.30 1.20 5.200E-02 32.7 4.28 1,294E-03 | Rocklite 
16C 24 65.0 1.60 0.800 S.200E-02 32.7 4.28 1,.294E-03 | Pumice 
17C 24 65.0 1.30 1.20 4.100E-02 24.8 3.70 1.404E103 | Rocklite 
18C 24 65.0 1.60 0.800 4.100E-02 24.8 3.70 1.404E-03 |+ Pumice 


pSediment specific weight, 


2Median grain size. 


adetails in Appendix A. 
“Tests performed by Noda in 1972-73. 
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(a) 


(b) 
(c) 
(d) 
(e) 
(£) 
(g) 
(h) 
(i) 


Table 2 notes. 


The first column indicates the run code number and the 
number of hours duration for that test, 


temperature is water temperature in °F, 

gamma is y,, the sediment specific weight, 

particle diameter is the median grain size in millimeters, 
wave height is in meters, 

water depth is in centimeters, 

wave period is in seconds, 

wave steepness is Ho/Lo (deep water), 


particle shapes describes the material, further details 
are given in Appendix A. 
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23A 


17B 


25B 


1C 


Table 3. Summary of experiments. 


Preliminary experiments 


Size distribution 


Shape 


Shape and size distribution 


Shape 


Material evaluation 


Size distribution 
Shape 
Shape 


Verification 


29 


Material 


Quartz sand 

Quartz sand 

Glass 

PVC 

Glass 

Rocklite and pumice 
Glass 

Glass 

PVC 


Rocklite and pumice 


Table 4. 


Test pairs 


Effects of size distribution on profile shape: 
identification of comparative tests. 


@, 20, 12) 
13 


13B 
15B 


and 
and 


and 
and 


and 
and 
and 


and 
and 
and 
and 
and 


and 


and 
and 


Remarks 


Natural sand; Ds59 = 0.56mm vs. 
nos. 30 to 40 sieve size. 


Natural sand; D590 = 0.26mm vs. 
nos. 50 to 70 sieve size. 


Crushed PVC well distributed vs. 


uniform PVC cylinders. 


Biomodal ground glass having same 
average diameter vs. unimodal 
ground glass. 


Repeat of 5B and 6B with materials 
reversed. 


Trimodal ground glass vs. unimodal. 
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unimodal (but narrow) sediment-size distribution. The figures are arranged 
in ascending order of wave steepness. The smallest steepness tested 

(Hp/Lo = 0.014) shows a tendency for a bar formation in tests with bimodal 
and unimodal distributions (Fig. 9); however, in tests with a bimodal 
distribution, the bar is formed farther offshore. The slope of the beach 
face is also different. For a steeper wave with the same period, Figure 10 
shows the bar formations even farther apart than those shown in Figure 9. 
However, Figure 11 shows similar profiles for a wave steepness (sb 
0.029) lying between that of Figure 10 (Ho/Lo = 0.021) and Figure 12 

(Hp/Lo = 0.031). This apparent contradiction can only be explained by the 
difference in wave height (4 centimeters versus 7 or 8 centimeters). For 
waves of very large steepness (Hj/Lo > 0.05), the differences between 
bimodal and unimodal distributions diminish (Fig. 13). Finally, it was 
found that the trimodal grain-size distributions tested always produced 
profiles similar to those of unimodal distributions (Fig. 14). 


An apparent consistent difference between a uniform-sized sand and 
a sand with broader size distribution is that the uniform sand tends 
to form more ripples. Another phenomenon was noticed for some wave 
conditions, where the uniform sand size produced an unstable equilibrium 
profile which oscillated between two extreme profiles: one with a bar 
-and one without. This phenomenon appeared again in tests which compare 
the effect of grain shape. 


2. Effects of Grain Shape. 


Pairs of tests performed to determine the effects of grain shape are 
summarized in Table 5. Examples of beach profiles using selected pairs 
of runs are shown in Figures 15 to 18 (profiles have been shifted hori- 
zontally to superpose the SWL intercepts; see Appendix B for actual 
positions). In most tests the effect of shape was represented more by 
Figures 16 and 18 than Figures 15 and 17. The different PVC shapes, the 
smallest glass sizes (Ds5g = 0.3 millimeter), and most of the graded mixes 
seemed to produce similar profiles independent of grain shape. However, 
some exceptions occurred as shown in Figures 15 and 17. Other pairs 
(not shown in the figures) which illustrated similar phenomena only 
occurred with the larger glass sizes (Dsg =0.6 millimeter) and mixtures 
having larger glass sizes, and then only for relatively small-wave 
steepnesses. The profile differences appear to be related to some 
instability associated with the formation of a bar. This phenomenon, 
shown in Figure 9, has also been observed for sand having a very uniform 
grain size. 


The phenomenon appears to follow the sequence: 


(a) Waves breaking on the beach slope (Fig. 19, a) causes scour just 
inshore of the breaker and the scoured material is deposited on 
the beach face and the bar (Fig. 19, b); 


(b) the bar continues to build (Fig. 19, c) until of sufficient size 
to move the breaker point offshore of the bar (4 to 5 hours in 
this particular test); 
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Table 5. 


Test pairs 


3A and 4A 
SA and 6A 
7A and 8A 
9A and 10A 


11A and 12A 
13A and 14A 
21A and 22A 


15A and 16A 
17A and 18A 
19A and 20A 


17B and 18B 
19B and 20B 
21B and 22B 
23B and 24B 


‘25B and 26B 


Effects of particle shape on profile shape: 
identification of comparative tests. 


Remarks 


Glass beads vs. ground glass; Dsg = 0.6mn. 


Glass beads vs. ground glass; Ds5g = 0.2mm. 


Crushed PVC vs. PVC cylinder; Dsg = 2.9mm. 


Glass bead mixture vs. ground glass mixture. 


PVC cubes vs. PVC cylinders. 
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Figure 19. Sequence of profiles illustrating instability. 
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(c) after the wave breaks offshore of the bar, the bar is quickly 
scoured (Fig. 19, d) and the beach profile subsequently returns 
to that of Figures 19, b or 19, e and the breaker location 
returns closer to shore (about 1 hour and then the cycle repeats). 


The apparent instability occurs with beach profiles developed using 
uniform (periodic) waves, a uniform grain size, or smooth, spherical 
grain shapes. The appearance of this phenomenon when only the grain 
shape is different occurs less frequently. 


3. Effects of Channel (Test Repeatability). 


Laboratory effects are the undesired differences between laboratory 
and prototype conditions caused by physical conditions unique to the 
laboratory, and would include such conditions as wave paddle to beach 
face distance, left- or right-hand channel, effect of channel side and 
bottom convergence, and the effect of finite water depth at the toe of 
the beach. 


Initially, the hydrodynamics of the surf zone in the presence of a 
movable bed were thought to be unique; hence, the equilibrium beach 
obtained would be independent of the initial beach profile. However, 
the profile shape ahead of the point at which sediment moves was found 
to affect the wave, the breaker characteristics, and the resultant 
profile (Fig. 20). 


An indication of laboratory effects can be derived from a cross- 
comparison of several runs. Test repeatability was checked at intervals 
since a "control" sediment was used in several of the shape and distribu- 
tion tests. Comparisons of such tests are shown in Figures 21, 22, and 
23. Some apparent differences are present but the general beach profiles 
show some repeatable characteristics, e.g., in all profiles the beach 
face has the same slope. Some laboratory effects are believed to be 
present, but the profile differences due to other phenomena (see Figs. 

7 to 18) are not masked by the laboratory effects. 


The position of the bar varied considerably under nearly identical 
wave conditions (Figs. 21 and 22). Noda's (1971, 1972) model law was 
based upon the horizontal distance from the SWL intercept to certain 
profile features, e.g., the bar. Modeling that distance (if not 
repeatable) is not easily achieved. Noda's law and most other profile 
modeling laws are based upon reproducing an equilibrium profile. If the 
shape of the stable (unchanging) profile which developed for a test 
series with identical wave conditions is not repeatable, then the concept 
of equilibrium must be qualified, and all modeling laws based upon the 
usual equilibrium assumptions are open to question. 


These few tests are not sufficient to prove or disprove the concept 


of profile equilibrium. However, the lack of repeatability suggests that 
the concept of equilibrium should be reevaluated. 
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4. Experimental Evaluation of Proposed Model Law of Noda. 


The last part of this study was modeling beach profiles obtained 
independently by CERC and not available to Tetra Tech, Incorporated, at 
the time of testing. A summary of test conditions for the CERC unpub- 
lished profiles is given in Table 6. 


An investigation of the implications of Noda's model law (eqs. 17 and 
18) indicated a requirement for a modeling material having a submerged 
specific weight in the range y' = 0.3 to 0.8 with a size in the range of 
Deg = 0-6 to 1.5 millimeters for the most useful modeling scale in the 
available wave flume. 


In practice, this particular submerged specific weight range was 
awkward. The materials available were "loaded" PVC (y' = 0.3 to 0.4), 
rocklite (a patented ceramic sand, y' = 0.3), pumice (y' = 0.6 to 1.2), 
coal (y' = 0.3), anthracite (y' = 0.3 to 0.5) and various miscellaneous 
substances like ground walnut shells and ground apricot shells. Materials 
chosen for this study were pumice, PVC, and rocklite. Unfortunately, each 
of these materials presents some problems. 


PVC is used commercially in "granular" form, normally a size of 2 to 
4 millimeters. Several hundred pounds were special-ordered in "pulverized" 
form with a median diameter of 0.6 millimeter after washing out the dust. 
However, at such sizes the surface-tension problem was insurmountable. 
After several weeks of soaking and treatment with detergent the material 
formed a beach, but even the slightest wave action would "float" the 
material in large masses. 


Pumice appeared to offer many advantages after the dust was well 
washed out and its behavior in water created no problem other than a 
slight milky cloudiness. However, pumice abraded under handling and its 
density was difficult to determine. The dry specific weight of pumice is 
about 1.6; different qualities are available with higher specific weights 
of 1.8 to slightly over 2. The grains definitely soak up water and prob- 
ably behave as if they have a higher effective specific weight, but this 
effect is unknown. 


Rocklite appeared to have several practical advantages. It is rela- 
tively cheap, and does not dirty the water too badly. Grain sizes larger 
than 2 to 3 millimeters may include air pockets, but this was not a prob- 
lem during tests which used a "rocklite sand" having a median diameter 
of 1.2 millimeters. 


Rocklite and pumice were used for the model evaluation tests. In 
practice, the rocklite was the most suitable material for modeling the 
0.22-millimeter sand; pumice was the most suitable for modeling the 0.46- 
millimeter sand. 


A summary of the model scale-ratio computations for rocklite, PVC, 


and pumice versus sand of 0.22- and 0.46-millimeter diameter, and a set 
of scale ratios for ground glass of 0.3 millimeter versus 0.6 millimeter 
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(scales were confirmed by tests made for this condition) are presented in 
“Table 7. Runs 13A and 14A are models of runs 9A and 10A. 


Conditions for the model evaluation tests are given in Table 8; 
results are shown in Figures 24 to 27. 


These tests failed to verify the model law. The slope (but not 
position) of the foreshore zone was reproduced fairly well in three of 
the four tests. The offshore and surf zone profiles were not reproduced. 
Moreover, the model predicted that the shorelines would prograde signi- 
cantly; however, the prototype shoreline retreated or prograded only 
slightly. 


The model law was based upon modeling the slope of the foreshore, 
and the good agreement between the model and prototype in this region is 
encouraging for two reasons: (a) Noda's model law is useful in simulating 
the shape of the foreshore; and (b) the “empirical approach" may be use- 
ful in establishing scale relationships for distances between particular 
beach features at other limited ranges of depth. 


The particle Froude and Reynolds numbers under waves vary with depth 
and time, and, as a result, the mechanics of sediment suspension and 
transport cannot be reproduced at all depths simultaneously. At most, a 
model law can only be correct over a limited depth range; for this model 
law it is the foreshore zone. 


The lack of repeatability in the position of the bar suggests that the 
equilibrium profile should not be used as a basis for modeling. 


V. COMPARISON WITH OTHER PROFILES 


Several investigators (discussed previously) have proposed relation- 
ships for the value of certain physical characteristics of beach profiles, 
and Sitarz (1963) and Nicholson (1968) are the most prominent. The 
experimental data gathered in this study can be compared with some of their 
relationships. 


Sitarz (1963) proposed two principal relationships: 


wae Mn ean? pee yi: (19) 
and 
ee Mr Gye Die wo: (20) 
where, 
X_ = distance offshore measured from the beach crest to the origin 


of a parabola defining the offshore profile. This distance is 
close to the breaker to beach crest distance (in meters) ; 


3) 


Table 7. Summary of scale ratios for various materials. 


Material Prototype ny! Nh r 
material 
Rocklite Sand, Dsg = 0.22 Os2 5.45 


Glass Glass 1.0 0.5 0.284 
Ds = 0.3mm Dso = 0.6mm 


S) || OO | OC ]]| © ]| © 
S) 
OV 
NO 


Table 8. Test conditions for attempted model law verification. 


Model/CERC 


Rocklite/7 (0.22) 0.0028 


Rocklite/3 (0.22) 0.0078 


Rocklite/6 (0.22) 0.00099 


Pumice/4 (0.46) 0.035 
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Dy = median diameter of the beach sediment in the breaking zone 
(in millimeters) ; 


H = wave height in the wave flume (in meters) ; 
y' = submerged unit weight; 


Aj = a constant (=43.5) for a wave flume but varies for wave basins 
and shorelines; and 


m = slope of the beach face. 


Figures 28 and 29 compare the results obtained in this study with the 
relationships of Sitarz (1963). In judging this data, the following should 
be considered: 


(a) The observed X, was taken as the distance from the stillwater 
line to the breaker; and 


(b) the beach face slope was taken as the ratio of the elevation 
change from the breaker point to the stillwater line to X). 


The results from these experiments do not agree well with the relationship 
of Sitarz. 


Although the observed values used for Xp and m do not satisfy the 
definitions of Sitarz exactly, some relationship might be expected, e.g., 
the relationships of Sitarz (1963) imply Av u 1.5 for the same material 
in model and prototype. 


Nicholson (1968) derived a relationship between Y,/H, and H,/L, for 
sand beaches; where Me was defined as the vertical distance between the 
crest of the bar and the crest of the beach for a "barred" profile, and 
was defined as the vertical distance between the top of the step and the 
crest of the beach for a "stepped" profile (see Fig. 4). Figure 30 
presents the results obtained in these tests and shows no agreement between 
the data collected and the relationship of Nicholson. 


In the case of very shallow water; 


U ~ 0.5 H gl? a2 P (il) 
b max 
where, 

U = maximum orbital velocity at the bed; 

b max 

H = local wave height; 

= gravity constant; and 
d = local water depth. 
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Figure 28. 


* Y = 1.42, Ds5q = 0.60 mm 
o Y = 0.30, Ds = 1.20 mm 
o Y = 0.60, Dso = 0.80 mm 
ey 
i 


1.42, Deo = 0.45 mm 


1.0 1.5 2.0 2.5 3.0 
43.5 H3/2 /(Y'D) '/2 


Comparison of shoreline to breaker distance with 
relationship of Sitarz (1963). 
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Figure 29. 
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Observed beach face slope compared with relationship © 
of Sitarz (1963). 
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The densimetric Froude number at which a grain will just move was 
defined as: 


-1/2 -1/2 -1/2 
Fe am UE g i, y! / Ds / ‘ (22) 
e c 
where, 
Use = critical shear velocity; and 
Deg = median grain-size diameter. 


Assuming Ux. aS proportional to Up max at the point of inception of 
beach material movement offshore of the breaker, and substituting 
equation (21) into equation (22) yield: 


B&H Go ma joe - (23) 
Cc (S 


The profiles were examined to determine dc, defined as the limiting 4 5 
depth at which the profile changed initially, and the function G7 Dele) = 
was computed for each profile where d, was determined to be less than the 
water depth in the flume. If equation (23) is valid, it was expected that 
this function would be a constant. Figure 31 shows the results obtained 
when d, is plotted versus H(y'D)*, indicating that the function is not a 
constant. Most data are for the ground glass or glass beads since the 
lighter weight materials generally moved to the bottom. 


None of the several theoretical and empirical relationships developed 
to predict profile shape as a function of wave conditions and sediment 
characteristics have been found to be universally applicable for modeling 
purposes. 


VI. CONCLUSIONS AND RECOMMENDATIONS 


1. Conclusions. 


(a) Effect of Model Particle Shape and Size Distribution. 


(1) Strongly bimodal grain-size distributions under small wave 
steepnesses produce profiles with multiple bars. These multiple bars do 
not appear when the sediment has the same median diameter but a unimodal 
distribution. 


(2) Very narrow grain-size distributions and smooth spherical 
shapes produce profiles having unstable bars which intermittently grow 
and disappear. 
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Final Profile 


Initial Profile 


0 10 20 30 40 50 60 70 80 
H2/Y' D 


Figure 31. Comparison of beach profile changes with critical 
depth of motion. 
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(b) Model Materials Evaluation. 


(1) Pulverized PVC sieved to provide a desired size distribution 
proved to be totally unsuccessful as a model material because of surface- 
tension effects. 


(2) Pumice, although better than PVC, was not a satisfactory 
model material; pumice abrades and its density varies when submerged. 


(3) Rocklite appears to be a potentially useful model material; 
however, more comprehensive tests are required to determine its usefulness. 


(c) Equilibrium Profiles. 


(1) The initial beach slope influences the final stable profile 
shape. 


(2) The position of the longshore bar on stable profiles produced 
by identical wave conditions was not repeatable. 


(3) The validity of the concept of profile equilibrium (as usu- 
ally understood) and of model laws based upon assumed equilibrium, are 
doubt ful. 


(d) Noda's (1972) Model Law. 


(1) The model law failed the verification tests. The shape of 
the offshore and inshore zones was not reproduced and the movement of the 
shoreline was not correctly predicted. 


(2) The slope of the foreshore zone (from the SWL intercept to 
the toe of the foreshore) was correctly predicted in three of the four 
verification tests. 


(3) Noda's empirical approach may be useful in establishing scale 
relationships for other well-defined reference lengths of the nearshore 
PLEOLANe: 

2. Recommendations. 


(a) The use of model materials which have strongly bimodal or very 
narrow unimodal size distributions should be avoided. 


(b) The use of model materials which have smooth spherical grain 
shapes should be avoided. 


(c) The concept of the equilibrium profile needs further investigation. 
(d) Rocklite needs further evaluation as a potential model material. 


(e) Noda's (1972) model law apparently predicts only the slope of the 
foreshore; its general use is not recommended. 


65 


LITERATURE CITED 


BAGNOLD, R.A., ''Beach Formation by Waves; Some Model Experiments in a 
Wave Tank," Journal of the Instttutton of Civil Engineers, Paper 
No. 5237, Nov. 1940. 


BASCOM, W.N., "The Relationship Between Sand Size and Beach-Face Slope," 
Transactions of the Amertcan Geophystcal Unton, Vol. 32, No. 6, Dec. 
1951, pp. 866-874. 


BONNEFILLE, R.E., and PERNECKER, L., "Etude Bibliographique et Experimen- 
tale Sur Le Charriage des Sediments par La Houle,'' National Hydraulics 
Laboratory, Chatou, France, 1965. 


EAGLESON, P.S., GLENNE, B., and DRACUP, J.A., "Equilibrium Characteristics 
of Sand Beaches," Journal of the Hydraulics Diviston, ASCE, Jan. 1963, 
pp. 35-57. 


FAN, L.N., and LeMEHAUTE, B., ''Coastal Movable Bed Scale Model Technology ," 
Report No. TC-131, Tetra Tech, Incorporated, Pasadena, Calif., 1969. 


IWAGAKI, Y., and NODA, H., "Laboratory Study of Scale Effects in Two- 
Dimensional Beach Processes," Proceedings of the Etghth Coastal 
Engineering Conference, 1962, pp. 194-210. 


JOHNSON, J.W., "Scale Effects in Hydraulic Models Involving Wave Motion," 
‘Transactions of the Amertcan Geophystcal Unton, Vol. 30, 1949, pp. 
517-525. 


KAMPHUIS, J.W., ''Scale Selection for Mobile Bed Wave Models," Proceedings 
of the 15th Coastal Engineering Conference, 1972, pp. 1173-1195. 


KEMP, P.H., ''The Relationship Between Wave Action and Beach Profile 
Characteristics," Proceedings of the Seventh Coastal Engineering 
Conference, 1960, pp. 262-277. 


KEULEGAN, E., ''An Experimental Study of Submarine Sand Bars," TR-3, U.S. 
Army, Corps of Engineers, Beach Erosion Board, Washington, D.C., Aug. 
1948. 


LARRAS, J., ''Cours D'hydraulique Maritime et de Travaux Maritimes ,'' Dunod, 
Paris, 1961, pp. 194-228. 


LeMEHAUTE, B., ''A Comparison of Fluvial and Coastal Similitude," Proceed- 
ings of the 12th Coastal Engineering Conference, 1970, pp. 1077-1096. 


MONROE, F.F., 'Oolite Aragonite and Quartz Sand; Laboratory Comparison 
Under Wave Action,'' MP 1-69, U.S. Army, Corps of Engineers, Coastal 
Engineering Research Center, Washington, D.C., Apr. 1969. 


66 


MURRAY, S.P., ''Settling Velocities and Vertical Diffusion of Particles 
in Turbulent Water," Journal of Geophysical Research, Vol. 75, No. 9, 
Mar. 1970, pp. 1647-1654. 


NAYAK, I.V., "Equilibrium Profiles of Model Beaches,'' Report HEL 2-25, 
Hydraulic Engineering Laboratory, University of California, Berkeley, 
Calif., May 1970. 


NICHOLSON, J., "A Laboratory Study of the Relationship Between Waves and 
Beach Profiles," Proceedings of the Third Australtan Conference on 
Hydraultes and Flutd Mechanics, 1968, pp. 33-37. 


NODA, E.K., "Coastal Movable Bed Model Relationship,'' Report No. TC-191, 
Tetra Tech, Incorporated, Pasadena, Calif., 1971. 


NODA, E.K., “Equilibrium Beach Profile Scale Model Relationship,"" Journal 
of the Waterways, Harbors and Coastal Engineering Diviston, ASCE, 
Vol. 98, No. WW4, Nov. 1972, pp. 511-528. 


PAUL, M.J., KAMPHUIS, J.W., and BREBNER, A., "Similarity of Equilibrium 
Beach Profiles,'' Proceedings of the 13th Coastal Engineering Conference , 
1972 aapp. 27236), 


RECTOR, R.L., "Laboratory Study of Equilibrium Profiles of Beaches," 
TM-41, U.S. Army, Corps of Engineers, Beach Erosion Board, Washington, 
D6Gosg Anyyo ISA! 


SAVILLE, T., Jr., "Scale Effects in Two-Dimensional Beach Studies," 
Proceedings of the Seventh General Meeting, International Assoctation 
for Hydraulic Research, 1957, pp. A3-1 - A3-10. 


SITARZ, J.A., "Contribution to the Study of Beach Evolution from the 
Knowledge of Equilibrium Profiles," Travaux du Centre de Recherches 
et D' Etudes Oceanographiques, Vol. 5, Paris, 1963. 


WATTS, G.M., "Laboratory Study of Varying Wave Periods on Beach Profiles," 
TM-53, U.S. Army, Corps of Engineers, Beach Erosion Board, Washington, 
D.C., Nov. 1954. 


WIEGEL, R.L., Oceanographical Engineering, Prentice-Hall, Englewood Cliffs, 
N.J., 1964. 


YALIN, S., ''Method for Selecting Scales for Models with Movable Bed 
Involving Wave Motion and Tidal Currents," Proceedings of the 10th 
General Meeting, Internattonal Assoctatiton for Hydraulte Research, 
WO U5 WOSs5 790 AAISeSSe 


67 


7 


Si Lah Se eee sy she ‘pad Side th 
{Fa aR RR tit ots Gant ie Mes’ Saeee ey Rea i atu 
| ie Oa A ad Pa 


iad cahoM YS ses ini aalee SELbape ‘ds Wak 


siscok ii, Weeki hil wenterodel Paeett (oie at 
| sail Malena elbighig aa nN wat 


‘ 
ro f ‘ bn Os 2 


hare 4s ee Wes Ade 
ROY on 47 Ae (ens 
_ el ark 


=4 
Pic 
he Bt 
1< te 
} 
ty i ( joan at 
t ed 
7 i by ky Bq ve 
: r ’ J arn? 
Ls JET, oa, 
(#8 ReeGH ire: 5 
ba 7 
: ae ! 
te j i 
5 
=e * ieee 
: be ret ae 5 et His ee 
R fa ee 
pats eee T Yes nmr pet AA g 
NOS oROS ee Las htns 


“403 gree ene, prea > 
DEMS I lal ond 2 


Pea i wthbe owe 


APPENDIX A 
MATERIALS USED IN TESTS 


The materials referenced in Table 2 are shown in Figures Rol. Kap 
and A-3. Sieve analyses are summarized in Figures A-4 and A-5. 
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Figure A-4. Test material 
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sieve analysis data. 
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Figure A-5. Test material sieve analysis data. 
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APPENDIX B 
TABULATED ORIGINAL DATA 


Tables in Appendix B are identified by a number (sometimes followed 
by a letter) followed by a hyphen with either the letter I (for initial) 
or another number. The last number indicates the number of hours of 
running time. The tables are given in sequence X, Y, where X is the 


station in the wave flume in feet and Y is the vertical coordinate meas- 
ured in centimeters. 
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APPENDIX C 
GRAPHS OF TEST RESULTS 
The figures in Appendix C are plots of all beach profiles. Multiple- 
time sequences are shifted vertically for separation purposes. The SWL 


intercept is the reference datum. 


The ''raw'' observed data are given in tabular form in Appendix B. 
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